Lecture 15 May 25, 2003

What is the Universe made of?



News of the week

* Regular office hours Tuesday & Thursday (next week also)
 Lab this week: The mass density of the Universe
* Finish reading Hawking
* Lectures:
« May 25th: What is the Universe made of?
« May 27t: The first second.
« June 1st; It’s about time.
 Final Exam: Tuesday, June 8t", 10:30am-12:30pm

« Sarah Stein (graduating student) please see me.
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NGC253 in Sculptor
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-+ galaxy & cluster dynamics
- | '« e gravitational lensing
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Gravitational Lens in Abell 2218 HST - WFPC2

PF95-14 - ST Scl OPO - April 5, 1995 - W. Couch (UNSW), NASA



Gravitational Lens

Galaxy Cluster 0024+1654
Hubble Space Telescope - WFPC2
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Most of the universe is dark!
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distance

The critical density

expands forever
ever slowing

collapses

age of the universe



The cosmic food chain ((2.)

* The critical density:
3H;
Y16}

Dp = ~10™" gem™

* Fraction of the critical density:
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Gravitational instability
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Most of the universe is dark!

It ain’t even normal stuff!
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Periodic table - chemist
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The Chemical Elements

Today:

73% Hydrogen (10~ deuterium)
26% Helium (10> 3He)
1% Metals

Three minutes AB:

76% Hydrogen (10 deuterium)
24% Helium (10> 3He)
0.00000001% Lithium
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Supernovae
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[DENFLE matter?

" Velocity = Mass
x Acceleration




[DENFLE matter?

* Modified Newtonian dynamics

 Planets )

* Mass disadvantaged stars , gravitational

white microlensing

* Black holes y



Large Magellanic Cloud
150,000 light years distant -¥-
100 million stars |
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Most of the universe is QJEIFX I

* Modified Newtonian dynamics

* Planets

* Mass disadvantaged stars
white

 Black holes

 Fossil remnant of the big bang



* Most of the universe is invisible
 Dominated by the rest mass of an
elementary particle

— present in the primordial soup

— massive

— neutral

— weakly interacting

— slow

— stable




Direct detection
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Acoustic peaks

« At recombination, baryon—photon fluid undergoes
“acoustic oscillations”

- Compressions and rarefactions change 7,

* Peaks In AT7 correspond to extrema of
compressions and rarefactions

* Multipole number corresponds to a

physical length scale ﬁ,s'f%

H

z=1000 recombination

observer
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[DENFIX enerqgy:

Space and time are

related.
1905

Space is dynamical
(curved, warped, bent).

1915

Empty space has a
weight.
1917

3
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the weight of space
Cosmological
constant

(Dark energy)

1917 Einstein proposed
cosmological constant.

| | 1929 Hubble discovered
| expansion of the Universe.

B 1934 Einstein called it
| 1 “my biggest blunder.”

1998 Astronomers found
evidence for it.




Cosmological constant (dark ener
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expands forever
.\ever slowing

dark matter dominant

collapses

age of the universe
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Vacuum pressure
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Supernova 1998ba
Supernova Cosmology Project

(Perimutter, et al, 1998)
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Type la supernova are standard candles

Luminosity / Solar Luminosity
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Scale of the Universe
Relative to Today's Scale
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Expansion History of the Universe

Perimutter, Physics Today (2003)
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Mass density of space:

The unbearable lightness of nothing!
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